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J.  Import  for  research  undertaken  betveen  Au gnat  1*  1902  -  February  1.  1983 


A.  Abstract 

As  part  of  our  efforts  to  develop  a  simple  ia  vivo  assay  for  the  ability 
of  pollutants  to  increase  mistranslation,  ve  have  determined  the  normal 
frequency  of  mistranslation  resulting  in  misincorporation  of  amino  acids  into 
the  T7  0.3  protein.  An  average  value  of  0.019*  cysteine  residues  per  molecule 
mas  foend  is  this  non -cysteine-containing  protein.  Since  there  are  116  amino 
acids  is  the  protein*  this  represents  1  cysteine  unincorporated  per  5. 000 
amino  acids:  a  mistranslation  frequency  of  .3* x  10-^  per  codon.  Control 

experiments  were  carried  out  in  vhich  the  number  of  methionine  residues  in  0.3 
-protein  vas  measured.  Our  experimental  results  indicated  that  0.3  protein  has 
3.7  methionine  residues  per  molecule.  The  OKA  sequence 
indicates  that  0.3  protein  actually  contains  6  methionines  per  molecule. 

Additional  evidence  to  support  our  value  for  normal  mistranslation  in  0.3 
protein  mas  the  demonstration  that  is  not  transferred  from  cysteine  to 
methionine.  Xxpcrimenta  using  a  methionine-cysteine  double  auxotrophic 
strain*  1.  call  11266*  gave  values  for  methionine  and  cysteine  incorporation 
into  0.£  protein  similar  to  those  obtained  vith  the  prototrophic  £.  call 
strain  B.  Autoradiograms  of  thin  layer  chromatograms  of  material  produced  by 
hydrolysis  of  33S-eysteine-labeled  0.3  protein  shoved  that  the  radioactivity 
mas  still  in  cysteine  and  had  not  been  metabolised  to  methionine. 


1.  Details  al  rratriarata  cam  Used  tetma  8/1/82  sad  2/1/81 

1.  n»g«Tml«aclan  af  thm  gxxQT  la  0-3  pratsin  translatian  hv  ^-cvatalna 

rillBCflfpPTf  fj  ft  flu 

Our  last  progress  report  described  preliminary  experiments  vhich 
determined  conditions  for  calculations  of  miaimcorporscion  of  cysteine  into 
the  aos-cysteiae-containiag  17 -encoded  0.3  protein.  Based  on  these 

experiments  ve  have  determined  the  mistranslation  frequency  during  normal  T7 
infection  of  1.  coll  (Table  1).  Zn  similar  .experiments  substituting 
^8-methioniae  for  J3S-cysteine.  and  adding  2  x  10*4  K  methionine  to  saturate 
the  methionine  transport  system*  ve  have  experimentally  determined  the  number 
ef  methionine  residues  per  0-.3  molecule  (Table  1).  The  latter  experiments 

2 


represent  an  ideal  control  for  all  parameters  of  the  experiments  aioea  it  la 
kam  (1)  that  tha  0.3  protein  eontaina  6  methionine  residues. 


Calculations  need  to  deternine  the  number  of  cysteine  (or  aathionine) 
reaidnea  incorporated  into  the  0.3  protein  are  aa  follova: 

(1)  Specific  activity  of  ^S-cyateine  (total  nuaber  of  cya 
residnes/CPM)  *, 


Cm  of  JJS-cyateine  added  to  culture 

(2)  Specific  activity  of  0.3  protein  (Huaber  cya  reaidnea  per  molecule 
03  protein}  *  ,, 


molecules  of  0.3  protein  in  1  ml 

Tha  calculation  requires  labeling  of  0.3  protein  with  cysteine 

followed  by  biochemical  purification  of  the  protein  and 
radiocheaical  measurements  on  the  purified  protein.  The  following  scheme  baa 
been  developed  to  purify  the  0.3  protein  and  obtain  the  required  measurements : 

l.  call  B  is  grown  to  8  x  10*  cells/ml  (A...  *0,8)  (exponentially  growing  cells 
which  are  most  susceptible  to  phage  infection.) 


Cells  ere  washed  twice  in  M9  minimal  madina. 


,  -l 

Celia  are  reauapemded  at  2  x  10  /ml  in  50  ml  M9  minimal  mediua  containing  2  x 
20**  K  cysteine  >  0.1  mg  aethionine/ml  ♦  102  (y/v)  Cysteine  Assay  Mediua 
- -  or  2  x  10**  M  methionine  102  (v/v) 


(Difco)  (for  3-cyateine  labeling), or  2  x  10  M  maehionins 
Methionine  Assay  Madina  (Difco)  (for  ^3-methionine  labeling). 


The  T7  uutsntH31aal93LC3  is  added  at  M01  «  3. 

**8-cysteine  (or  ^S-wethiouine)  ia  added  at  10  jtCi/al. 

1 

Infected  cella  are  iaenbated  for  1  hr  at  37°C  with  ahski 


C  with  shaking. 


Cella  art  centrifuged  for  10  ain  at  10.000  z  g. 

Cella  are  resuspended  in  2  al  lysis  buffer  *  20  pi  2  mg  lysosyan/ml  ♦  10  ^1 
0.5  nK  FMST  (protease  inhibitor). 

Cella  are  incubated  30  ain  at  32s*  then  fro sen  snd  thawed  5  tiaaa. 


ait  at 


Is  digestad  With  10  ^1  2  ng  Oiase/al  ♦  20  ^1  1  ft  HgSO^  ♦ 
at  32°C. 


incubation  for  30 
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th*  velum  is  measured  sad  HH^  Cl  is  sddsd  to  0.3  1. 

1 

tha  liquid  is  eeatrifuged  for  15  aia  st  17.000  z  g. 

I 

Tha  clarified  supernatant  is  passed  through  a  DEAZ  column  equilibrated  with 
0  J  &  BH4C1  -  20  nil  Trie  buffer.  pH  8.  The  eoluan  (volume  *  10  al)  is  washed 
with  100  si  of  0.3  B  STH^Cl-Trii  buffer.  Acidic  proteins  are  eluted  with  a  40 
al  0 .3  M  -  1.0  H  BH^Cl-Tris  buffer  gradient.  Fractions  (3  al)  are  collected. 

1 

Tractions  are  tested  for  0.3  protein  bp  the  Ouchterlonp  ianuaodif fusion 
technique  using  rabbit  aatiH).3  antiserum,  raised  as  part  of  this  project. 

1 

Tractions  containing  the  0.3  protein  are  pooled,  and  protein  is  precipitated 
with  10Z  (v/v)  trichloroacetic  acid  (TCA} . 

'  1 

Tha  precipitate  is  dissolved  in  Tris  buffer.  pH  8.8.  Tha  volume  of  buffer 
added  is  determined  bp  the  A-gfl  sum  of  the  pooled  fractions.  (Exaaple:  if 
the  A-g.  sua  is  4.0,  0.40  al  of  buffer  is  added.) 

1 

Tour  volume  of  9SZ  ethanol  are  added,  and  tha  solution  is  placed  on  ice  for 
30  aia. 

i 

Tha  solution  is  centrifuged  for  IS  aia  at  17.000  g. 

i 

Tha  pallet  is  discarded  because  0.3  protein  is  soluble  in  ethanol.  An  equal 
velum  of  10Z  TCA  is  added  to  the  supernatant. 

1 

Tha  solution  is  placed  on  ice  for  1  hr. 

1 

Tha  solution  is  centrifuged  for  IS  aia  st  17,000  z  g. 

i 

Tha  pallet  is  dissolved  in  0.S  al  Tris  buffer.  pH  8.8. 

i 

Tha  pallet  is  tested  for  poritp  of  0.3  protein  bp*SD8-PAGE  (10-20Z  gradient) 
aad  stained  for  protein  with  tha  silver  nitrate  staining  technique. 

Jf 

Tha  qaaatitp  of  pure  0  J  protein  is  datepaiaad  using  tha  8io*lad  Protein  Assap 
hit. 

I 


% 
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10  pi  of  pure  0.3  proetia  i*  applied  to  filters  (ia  triplicate) .and  counted  la 
a  eciatillatioa  counter.  5  m1  of  a  1:1000  dilution  of  the  J3S-cysteine  (as 
supplied  by  the  aaaufacturera)  ia  also  eouated  ia  triplicate. 

i 

Calculations  are  then  performed. 

2.  Dmonatrat ion  that  ^SzCiateigC  ii  HOT  concerted  tt.  -met  hi  on  in# 

If  35S  were  transferred  from  cysteine  to  methionine,  the  calculated  error 
level  ia  the  synthesis  of  0.3  proteia  would  be  higher  than  the  actual  error 
level  since  methionine  is  present  ia  0.3  protein.  We  demonstrated  35S  was  not 
transferred  from  cysteine  to  methionine  in  two  ways. 

(1)  The  hydrolysate  of  0.3  protein,  synthesised  in  the  presence  of 
J3S-cysteine.  was  resolved  into  individual  amino-acid  spots  by 
thin  layer  chromatography  (cellulose  matrix  using  N-propanol: 
obsmiii t ms  hydroxide  (70:30)  as  solvent).  Autoradiography  was  used 
to  locate  33S  on  the  chromatograms.  The  radioactivity  was 
located  ia  the  cysteine  spot  and  not  in  the  methionine  spot. 

(2)  An  £.  fiflli,  strain  auxotrophic  for  methionine  and  cysteine 
mas  used  as  boat  for  T7  infection.  (£.  coli  IL266) .  This 
strain  is  defective  ia  set.  £  (tstrahydropeeroyltriglueaaate 
methyltranef erase)  and  cya  fi.  (adeny l sulfate  kinase)  and  cannot 
convert  cysteine  to  methionine.  The  levels  of  JJS-eysteine 
incorporation  into  0.3  in  T7-inf acted  £..  coll  KL266  vers  not 
significantly  different  from  the  levels  of  incorporation  found  with 
prototrophic  1.  call  strains  (Table  1). 


i 


•A* 


Table  1.  Incorporation  of  Cysteine  and  Meehlonina  into 


the  0.3  Protein 

Experiment 

E .  coli 
strain1 

Mo.  eys  residues^ 
per  molecule 

2  3 

Mo.  met  residues  * 
per  molecule 

6 

B 

.021 

— 

7 

B 

.022 

— 

9 

B 

.019 

— 

11 

B 

.023 

— — 

10 

KL266 

.012 

— 

13 

1X266 

.016 

— 

3 

B 

— 

3.2 

3 

B 

— 

6.4 

4 

1X266 

— 

3.7 

8 

EL266 

— 

4.3 

*  X*  col*  B  is  prototrophic. 

B.  coli  KL266  is  F  ,  Isu  B6.  proC32.  hisFSO .  cysC&3 .  thrASA, 

— tI7o7  thi-l .  ara-lA.  Iac236.  xyl-5.  mtl-1 .  taalA38.  rnsE2H5. 
snc  A15) ,  rasU.09  (»  atrAlQ9) . 

*  Values  calculated  on  the  basis  of  ^S-cysteine  or  ^S-methioniae 
incorporation . 

^  Direct  amino  acid  sequencing  and  the  known  DMA  sequence  predict 
6  methionines  per  molecule  of  0.3  protein  (1). 
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Tahia  1.  Incorporation  of  Cysteine  end  Methionine  Into 


the  0.3  Protein 

Experiment 

I*  coli 
strain* 

2 

No.  cys  residues 
per  molecule 

2  3 

No.  met  residues  * 
per  molecule 

6 

B 

.021 

— 

7 

B 

.022 

— 

9 

B 

.018 

— 

11 

B 

.023 

— 

10 

KL266 

.012 

— 

13 

1X266 

.016 

— 

3 

B 

— 

3.2 

3 

B 

— 

6.4 

4 

KL266 

— 

3.7 

8 

EL266 

— 

4.3 

I.  coli  B  is  prototrophic. 

!•  coli  KL266  is  F~ ,  leu  B6 ,  proC32.  hisFBO .  cysC43 ,  thvA34 . 
metE70.  Chi-1,  era-14,  lac236.  xyl-3.  mcl-l.~aa.lA3 8,  rpsE21l5. 
(■  spc  A15) ,  rpsL109  (■  strAl09) . 

2  Values  calculated  on  the  basis  of  33S-cysteine  or  3SS-methionine 
incorporation . 

2  Direct  amino  acid  sequencing  and  the  known  DNA  sequence  predict 
4  eethionines  per  molecule  of  0.3  protein  (1) . 
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U.  Research  undertaken  between  February  1,  1983  and  July  31 »  1983 

A.  Overall  Objectives 

1.  To  develop  a  simple,  quantitative  in  vivo  assay  for  the 
mistranslation- inducing  activity  of  pollutants. 

2.  To  determine  the  molecular  basis  for  mistranslation  resulting  in  the 
incorporation  of  cysteine  into  a  protein  which  normally  contains  no 
eystelne. 

B.  Preolse  objectives  for  the  period  2/1/83  -  7/31/84 

1.  Production  of  a  monoclonal  antibody  to  the  0.3  gene  product  a  :ae 
of  this  antibody  in  development  of  a  radiolmmune  preoipitatlo 

assay. 

2.  Direct  determination  of  whether  cysteine  substitutes  only  for 
arginine  in  mistranslation  during  synthesis  of  0.3  protein. 

C.  Abstract 

Ve  have,  in  experiments  directed  toward  the  first  overall 
objective,  established  the  natural  level  of  cysteine  mlslncorporation 
into  the  bacteriophage  T7  encoded  0.3  protein.  We  have  also  shown  that 
this  level  can  be  increased  by  altering  the  environment  of  the 
translation  machinery.  This  can  be  accomplished  either  by  growing  cells 
in  the  presence  of  mistranslation-inducing  antibiotics  or  by  introducing 
mutations  which  cause  defective  rlbosomal  proteins  into  the  cells  being 
studied  (see  attached  preprint).  The  above  results  were  obtained  using 
purified  0.3  protein.  Additional  experiments  directed  toward  the  first 
objective  have  led  to  a  second  procedure  for  quantitating  cysteine 
mlslncorporation  into  0.3  protein.  A  radiolmmune  precipitation  (RIP) 
assay  was  developed  whioh  used  polyclonal  antibodies  to  0.3  protein, 
SDS-polyaorylamlde  gel  electrophoresis  (SDS-PAGE),  and  scanning 
densitometry.  Ve  are  ourrently  preparing  monoclonal  antibody  to  0.3 
protein  to  obviate  the  need  for  SDS-PAGE  and  scanning  densitometry. 
Experiments  directed  toward  the  seoond  overall  objective  have  provided 
Interesting  preliminary  results.  Trypsinlzation  of  cysteine-labeled  0.3 
protein  and  analysis  of  fragments  by  SDS-PAGE  have  shown  that  new 
peptide  fragments  are  produced.  This  Indicates  that  cysteine  Is 
substituting  for  arginine.  Cleavage  of  oyatelne-labeled  0.3  protein 
with  CVBr  and  analysis  of  the  peptide  fragments  by  gel  filtrstion, 
however,  results  in  3-4  labeled  fractions  which  should  not  occur  if 
cysteine  were  substituting  only  for  arginine.  This  Indicates  that 
eystelne  substitutes  for  at  least  one  other  amino  sold  besides  arginine. 
Tbese  results  will  be  confirmed  and  refined  by  HPLC  (high  performance 
liquid  chromatography). 

D.  Details  of  experiments  completed  between  2/1/83  end  7/31/83 

1.  Progress  in  preparation  of  monooloaal  antibody  to  the  0.3  protein 

Ve  have  twloe  constructed  hybridous  whioh  produce  the  desired 
antibody  but  on  both  occasions  the  positive  clones  did  not  survive 


continued  serial  passage.  Problems  of  fungal  contamination  were 
also  encountered.  We  are  now  into  our  second  month  of  the  third 
preparation,  have  no  signs  of  fungal  contamination,  and  we  have 
several  positive  hybrldomas.  If  these  clones  prove  to  be  stable  and 
we  are  successful  in  preparing  pure  monoclonal  0.3  protein 
antibody-producing  clones,  we  will  use  this  antibody  in  the  BIP 
assay  which  we  previously  developed  using  polyclonal  antibody.  We 
anticipate  that  the  pure  antibody  will  precipitate  only  0.3  protein 
(35S-cystelne  labeled)  allowing  quantitation  of  cysteine 
incorporation  by  simple  scintillation  counting  of  the  immune 
precipitate. 

2.  Experiments  to  determine  whether  cysteine  substitutes  only  for 
arginine  during  0.3  protein  synthesis  under  normal  (non-drug, 
non-pollutant)  conditions 


Two  types  of  experiments  have  been  performed  -  trypslnization 
of  ^S-cysteine-labeled  0.3  protein  and  chemical  cleavage  of 
"S-cysteine-labeled  0.3  protein  with  CNBr.  The  0.3  protein 
fragments  were  analyzed  by  SDS-PAGE  (20$  acrylamide)  and  by  gel 
filtration  (Sephadex  G-50,  Sephadex  G-25,  Bio-gel  P6  and  Bio-gel 
P4). 


Analysis  of  0.3  protein  fragments  by  SDS-PAGE  has  been 
unsatisfactory  because  of  lack  of  resolution  of  the  lower  MW  peptide 
fragments.  A  smear  is  seen  instead  of  discrete  hands.  We  have  been 
using  the  Laemll  "Trls  discontinuous  buffer  system"  with  20$ 
aorylamlde.  A  continuous  sodium  phosphate  buffer  system  hat  been 
found  to  give  somewhat  better  resolution  of  bands  but  the  0.3 
peptide  fragments  migrate  to  different  positions  relative  to  the  MW 
standards  using  this  buffer  system.  Results  of  an  experiment  in 
whioh  0.3  protein  was  trypslnlzed  and  peptide  fragments  separated  by 
SDS-PAGE  using  the  sodium  phosphate  buffer  system  are  shown  in 
figure  1.  The  major  peptide  band  of  ^5cys-,  14C-,  and  -”S 
met-labelled  0.3  proteins  has  an  apparent  MW  slightly  larger  than 
6000.  Since  the  largest  complete  cleavage  peptide  should  contain  47 
amino  acids,  equivalent  to  a  MW  of  4700,  this  band  is  probably  a 
partial  cleavage  peptide.  It,can  be  seen  however,  that  whereas  the 
major  bands  of  met-  and  4C-labelled  0.3  protein  have  identical 
mobilities,  that  of  35S  oys-labelled  0.3  protein  is  slightly  faster. 
The  bands  marked  "A",  "B",  and  "C"  are  47  amino  acid,  32  amino  acid, 
and  19  amino  sold  complete  tryptlo  digestion  products  of  0.3 
protein.  There  is  no  methionine  in  the  32  amino-acid  fragment,  and 
therefore  this  band  does  not  show  up  in  the  lane  oontainingJ3S 
net-labeled  0.3  protein.  The  19  amino-sold  peptide  (which  contains 
methionine)  can  be  seen  on  the  original  autoradiogram  but  is  not 
easily  seen  on  the  pfaotographlo  reproduo tion  shown  in  Figure  1 . 
Interestingly,  there  is  no  cysteine  in  the  32  amino  sold  peptide, 
whereas  oystelne  is  found  in  the  19  amino  acid  peptide  and  in  a 
smaller  MW  peptide. 

There  are  alx  amino  acids  for  whioh  oystelne  could  possibly 
substitute  by  misreading  of  a  single  base  in  the  codon:  arginine, 
tyrosine,  tryptophan,  serine,  phenylalanine,  and  glycine.  From  the 
trypslnization  experiments  we  can  deduoe  the  following:  We  can 
tentatively  say  that  cysteine  substitutes  for  arginine  because  a 
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band  with  a  different  MW  Is  seen  only  when  0.3. Protein  Is  labelled 
with  cysteine.  Relative  to  the  major  band  of  '^C-  and 
j5S-met-labelled  0.3  protein,  this  band  has  an  increased  mobility 
(decreased  size)  whereas  If  an  arginine  site  were  no  longer 
available  for  cleavage  by  trypsin  because  of  cysteine  substitution 
for  arginine  the  cysteine-containing  tryptic  peptide  should  have  an 
Increased  size.  However,  the  possibility  remains  that  this  major 
3:>S-oys-labeled  band  is  the  higher  MW  band  predicted  to  be  formed  by 
lack  of  an  arginine  site  N- terminal  to  the  47  AA  peptide  (band  A). 

2)  The  32  amino  acid  peptide  contains  no  cysteine  (a  result 
confirmed  by  gel  filtration)  and  therefore  cysteine  Is  probably  not 
substituting  for  tyrosine  or  tryptophan.  (These  are  the  only  two 
amino  acids  of  the  possible  six  for  which  cysteine  could 
substitute.)  3)  Cysteine  is  found  in  the  19  amino  acid  peptide 
(determined  by  gel  filtration)  and  therefore  it  appears  that 
cysteine  does  substitute  for  serine  and/or  phenylalanine. 

When  cysteine-labelled  0.3  protein  was  cleaved  with  CNBr  and 
fragments  examined  by  gel  filtration,  similar  results  were  observed. 
Figure  2  shows  a  typical  experiment.  0.3  protein  labeled  with 
^B-isoleucine  or  with  ’5S-eysteine  were  mixed,  cleaved  with  CNBr, 
and  analyzed  on  Sephadex  G-50.  If  cysteine  were  substituting  only 
for  arginine,  as  suggested  by  Edelmann  and  Gallant  (Cell, 
lfl.:131-137,  1977)  there  should  be  peaks  corresponding  only  to  the  45 
and  22  amino  acid  peptides  (the  only  CNBr  fragments  which  contain 
arginine),  and  any  peptides  resulting  from  partial  digestion  which 
contain  one  or  both  of  these  fragments.  Peaks  B,  C,  D  and  F  contain 
peptides  produced  by  partial  digestion.  Also  seen  are  the  45  amino 
acid  peptide  (peak  E)  and  the  22  amino  acid  peptide  (peak  G).  Three 
additional  peaks  are  however  present  (H,  I,  and  J)  and  these 
correspond  to  peptides  which  do  not  contain  arginine.  Of  the  6 
amino  acids  for  which  cysteine  could  most  likely  substitute,  these 
fragments  instead  contain  tyrosine,  phenylalanine,  and  serine; 
serine,  glycine,  and  phenylalanine;  and  serine,  respectively.  Very 
similar  peak  profiles  were  obtained  when  peptide  fragments  were 
analyzed  by  Sephadex  G-25,  and  Bio-gel  P6  or  P4.  Our  experiments  to 
date  therefore  suggest  that  in  mistranslation  of  the  T7  0.3  protein, 
oystelne  can  at  least  substitute  for  arginine,  and  probably  also  for 
serine.  Substitutions  for  other  amino  adds  are,  of  course,  still 


possible.  Improved  separation  and  identification  of peptide 
fragments  of  0.3  protein  is  needed  before  the  precise  substitution 
pattern  can  be  obtained.  We  therefore  plan  to  use  high  pressure 
liquid  chromatography  (HPLC)  to  better  separate  peptide  fragments. 
In  addition,  we  plan  to  include  the  use  of  reagents  to  cleave  the 
0.3  protein  at  other  residues  to  confirm  our  present  results. 
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CLONING  USING  BACTERIOPHAGE  SPPlv  AS  THE  VECTOR: 
VECTOR  DEVELOPMENT,  STABILITY  AND  EXPRESSION1 


Aline  I.  Desmyter 
Jacqueline  B.  Rice 
John  N.  Reeve 


Department  of  Microbiology 
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Columbus,  Ohio  43210 


I.  INTRODUCTION 


Bacteriophage  SPPlv  Is  a  derivative  of  the  virulent 
phage  SPP1  developed  as  a  cloning  vector  (Hellmann  and 
Reeve,  1982).  Cloning  Is  accomplished  by  insertion  of  DNA 
Into  the  single  BamHl  site  of  the  vector.  Digestion  of 
SPPlv  vector  DNA  by  BamHl  reducetfsthe  frequency  of 
S  transfection  of  competent  cells  of  Bacillus  subtilis  by 

approximately  1,000-fold.  Cloning  of  restriction  fragments 
generated  by  the  enzymes  Bql  II  or  Bel  I  Into  the  BamHl  site 
of  SPPlv  creates  recombinant  molecules  which,  if  the  cloned 
DNA  fragment  does  not  Itself  contain  an  internal  BamHl  site, 
are  not  Inactivated  In  transfection  by  exposure  to  BamHl. 
This  provides  a  mechanism  to  selectively  Isolate  recombinant 
phage  from  a  ligation  mixture;  exposure  of  the  ligation 
mixture  to  BamHl.  following  ligation  and  before 
transfection,  prevents  transfection  by  reconstituted  SPPlv 

*Th1s  research  was  supported  by  National  Science 
Foundation  Grant  PCM  7912019  and  contract  81-0087 
from  the  Air  Force  Office  of  Scientific  Research. 
J.N.R.  Is  the  recipient  of  Research  Career 
Development  Award  AG00108  from  the  National 
Institutes  of  Health. 
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vector  phage.  Cloning  In  SPPlv  does  not  require  expression 
of  cloned  DNA  In  Infected  B.  subtills  cells  nor  does  It 
require  any  homology  between  cloned  DNA  sequences  and  the  B. 
subtil  Is  chromosome.  SPPlVAis,'-  In  these  respects,  directly 
comparable  to  cloning  In  £.  col  1  using  a  virulent  x-based 
vector  and,  as  with  a,  It  1 s  al so  possible  to  use  plaque- 
hybridization  procedure^to  directly  identify  recombinant 
phage  carrying  desired  sequences.  Plaque  hybridization  is 
particularly  useful  as  a  selection  mechanism  if  BamHl 
treatment  of  the  ligation  mixture  Is  inappropriate,  e.£.  if 
BamHl  fragments  themselves  are  to  be  cloned.  Plaque 
hybridization  was  used,  for  example,  to  Identify  recombinant 
phage  In  which  plasmid  pUBllO  had  been  cloned  in  SPPlv  by 
ligation  of  BamHl  di gested  SPPlv  to  BamHl  digested  pUBllO 
(H1j@1mann  and  Reeve,  1982).  In  this  report,  we  describe 
construction  of  a  derivative  of  SPPlv  with  increased  cloning 
capacity,  some  unusual  recombinants  obtained  in  cloning 
using  SPPlv  and  infection  of  minicells  of  B.  subti 1  is  to 
analyze  the  expression  of  SPPlv  recombinant  pTiages. 


11.  CONSTRUCTION  OF  SPPlvm 


SPPlv  was  constructed  by  jn  vitro  Insertion  of  a  unique 
BamHl  site  Into  a  viable  deletion  mutant,  aX,  of  SPP1 
(Hellmann  and  Reeve,  1982).  The  BamHl  site  was  placed 
within  a  region  of  the  SPP1  genome  known  to  be  nonessential 
for  phage  growth,  directly  adjacent  to  the  region  of  the 
genome  deleted  by  aX.  A  novel  deletion  mutant  of  SPP1,  aM, 
was  recently  Isolated  In  the  laboratory  of  T.  A.  Trautner 
and  generously  provided  to  us  for  use  In  SPP1  vector 
constructions.  This  deletion  removes  approximately  1  Kbp  of 
DNA  and,  In^o  doing,  deletes  the  thirteenth  smallest  EcoRI 
fragment  of  SPP1  and  fuses  the  elgth  and  tenth  smallest 
EcoRI  fragments  (Figure  1).  He "Have' introduced  aM  Into 
UPFlv  to  create  SPPlvm.  DNA  from  SPPlaM  was  digested  with 
Bol I  and  ligated  to  the  smallest  Bql I  fragment  of  SPPlv 
prepared  by  extraction  from  an  agarose  gel  following  Bql  I 
digestion  of  SPPlv.  This  Bql  I  fragment  of  SPPlv  contains 
the  BamHl  cloning  site  of  SPPlv  (indicated  by  the  large 
arrowhead  In  Figure  1)  and  aX.  The  presence  of  aX  In  an 
SPP1  genome  results  In  a  distinctive  plaque  morphology  so 
that,  following  ligation  and  transfection  with  the  mixture 
of  SPPlaM  DNA  and  the  Bql I  fragment  of  SPPlv,  phage  from 
plaques  with  the  aX  morphology  were  isolated.  The 
structures  of  the  genomes  of  these  phage  were  analyzed  by 
agarose  gel  electrophoresis.  The  patterns  of  EcoR I 
restriction  fragments  of  SPPlw.t.  (wild-type),  SPPlaM,  iPPlv 
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and  SPPlvm  are  shown  In  FlgurePOl.  It  can  be  seen  that 
SPPlvm  contains  boty  aX  (reducing  the  size  of  EcoRI  fragment 
1)  and  AM  (fusing  EcoRI  fragments  8  and  10  and  deleting 
EcoRI  fragment  13).  The  net  deletion  of  DNA  in  SPPlvm  is 
approximately  4.1  Kbp.  SPPlw.t.  phage  particles  normally 
package  approximately  1.8  Kbp  of  terminally  redundant  DNA. 
There  should  therefore  be  sufficient  space  In  SPPlvm  to 
allow  the  cloning  of  at  least  5.9  Kbp  of  foreign  DNA  into 
the  BamHl  site  of  this  vector.  All  procedures  developed  for 
use "with  SPPlv  are  equally  applicable  to  SPPlvm  and  the 
presence  of  AM  provides  a  physical  location  marker  for 
orientation  and  measurement  of  molecules  formed  In  DNA:DNA 
heteroduplex  experiments. 


III.  DELETIONS  OBSERVED  IN  CLONING  UITH  SPPlv 


During  the  development  of  SPPlv  and  In  subsequent  use 
of  SPPlv  to  clone  specific  DNA  fragments  we  have  frequently 
Isolated  recombinant  phage  which  do  not  contain  precisely 
the  fragment  of  DNA  Introduced  Into  the  ligation  reaction. 
Many  recombinant  phage  appear  to  have  suffered  jnajor 
deletions  and  in  some  cases,  the  vector  has  undergon.  major 
A  genomic  reorganizations  (Desmyter,  Heilmann,  Reeve,  Morelli 
and  Trautner,  in  preparation).  Similar  anomalous  results 
have  also  been  reported  by  Behrens  et_  al_.  (1983)  using  the 
cloning  vehicle  SPPlvic  whic  is  very  similar  to  SPPlv  but 
contains  a  unique  Pstl  cloning  site  rather  than  a  BamHl 
^te.  Me  have  undergen  a  series  of  experiments  to  further 
.  Investigate  this  phenomenon.  A  recombinant  plasmid,  pET407, 

A  which  consists  of  DNA  from  the  methanogenic  microorganism 

4  Methanobrevibacter  smithii  and  most  of  the  sequences  of 
X  X  plasmid  PBR322  (Hamilton  and  Reeve,  1983)  was  used  as  the 
VC-  jp  test  substrate  for  cloning  into  SPPlv.  '  The  location  and 

Ta  origin  of  DNA  in  recombinant  phage,  which  had  originally 
Jr  been  part  of  pET407,  were  determined  by  restriction  enzyme 
5  cv Analyses  and  by  Southern  blot  analyses.  Radioactive  probes 
^  specific  for  either  the  methanogen  or  pBR322  derived  DNA 
sequences  were  used.  Results  from  one  series  of  experiments 
are  shown  In  Figure  2.  SPPlv  and  pET407  were  digested  with 
BamHl.  ligated  together,  and  following  transfection  phage 
were  Isolated  from  plaques  which  gave  a  positive  signal 
using  3ZP-labeled  pET407  as  the  probe  in  a  plaque 
hybridization  screen.  Recombinants  were  not  found  which 
contained  the  complete  sequence  of  pET407.  Analyses 
Identified  phage  In  which  deletions  had  occurred  either  In 
the  vector  and/or  In  the  pET407  sequences.  In  some  cases 
■ore  than  one  phage  was  present  in  the  preparation  and  by 
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repeated  plaque  purification  It  was  possible  to  show  that  a 
larger  recombinant  phage  was  continuously  giving  rise  to  a 
smaller  phage  by  deletion.  An  example  Is  shown  In  Figure  2 
to  which  phage  SPET21  was  routinely  produced  by  growth  of 
Sf ET2  in  B.  subtil  is.  Many  phage  were  isolated  which,  even 
though  they  gave  an  initial  positive  reaction  to  the  pET407 
hybridization  probe,  were  subsequently  found  to  be  identical 
to  SPPlv  (not  shown  in  Figure  2).  Construction  of  SPPlv 
created  a  situation  in  which  cloned  fragments  are  flanked  by 
a  directly  repeated  DNA  sequence  at  least  10  base  pairs  in 
length  (Hellmann  and  Reeve,  1982).  Excision  of  cloned 
fragments  may  be  occurring  by  recombination  at  the  BamHl 
sites  at  each  end  of  a  cloned  fragment  facilitated  by  the 
extensive  region; of  homology  extending  from  these  BamHl 
sites. 

Experiments  to  date  have  necessarily  employed 
recombination  proficient  strains  of  B.  subtil  is  because  SPP1 
transfection  of  competent  cells  requires  Rec+  cells 
(Trautner  and  Spatz,  1973).  Experiments  are  currently  in 
progress  to  determine  if  the  frequency  of  deletion  J-\ 
occurrence  is  less  using  transfection  of  either  Rec+  or  Rec" 
protoplasts.  Unfortunately  SPP1  does  not  form  plaques  on 
lawns  of  B.  subtil  is  grown  on  the  standard  medium  used  for 
protoplast  regeneration  and  this  technical  problem  must 
first  be  resolved.  The  results  typified  by  the 

SPET2 - >SPET21  observations  (Figure  2)  do  demonstrate, 

however,  that  not  all  of  the  deletions  observed  following 

transfection  of  competent  cells  are  directly  attributable  to 

the  processing  that  DNA  undergoes  during  transfection.  As 

previously  observed  for  plasmid  based  recombinant  molecules 

In  B.  subtil  is  (Kreft  et  al.,  1982),  there  also  appear  to  be 

pre?erred  sites  for  deletion  events  to  occur  inlrbased  >v\  SPflvW 

recombinant  molecules  during  their  replication’"  in  JB. 

subtil  is  cells. 


IV.  CLONING  THE  0.3  GENE  OF  COLIPHAGE  T7  IN  SPPlv 


He  are  currently  investigating  the  fidelity  of 
synthesis  of  the  product  of  the  0.3  gene  of  coliphage  T7  in 
Infected  cells  of  E.  coll  by  determining  the  frequency  of 
■Islncorporatlon  of  ~STS -cysteine  into  this  protein  which 
normally  does  not  contain  cysteine  residues  (Rice,  Libby  and 
Reeve,  manuscript  submitted  for  publication).  To  extend 
this  work  to  the  fidelity  of  0.3  protein  synthesis  in  B.. 
subtills,  it  was  necessary  to  clone  the  0.3  gene  in  S$Plv. 
Several  previous  attempts  to  clone  the  intact  early  region 
of  T7,  either  in  £.  coll  (Studier  and  Rosenberg,  1981)  or  B_. 
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A  subtllis  (Scherzlnger  et  al.,  1980),  were  unsuccessful.  We 
were  also  unable  to  clone  the  complete  early  region  of  the 
T7  genome  into  SPPlv  (H.  Heilmann,  A.  Desmyter  and  J.  Reeve, 
unpublished  results).  We  therefore  cloned  the  0.3  gene  into 
SPPlv  starting  from  the  plasmid,  pAR324  (provided  by  F.W. 
Studler  (Studier  and  Rosenberg,  1981)),  which  consists  of 
the  0.3  gene  cloned  in  the  BamHl  site  of  pBR322.  BamHl 
digested  SPPlv  was  ligated  to  the  fragment  of  DNA  containing 
the  0.3  gene  isolated  by  agarose  gel  electrophoresis  from  a 
BamHl  digest  of  pAR324.  Following  transfection,  ^-labeled 
pA&324  DNA  was  used  as  a  hybridization  probe  to  identify 
plaques  containing  SPPlv::0.3  recombinant  phage.  Phage  were 
obtained  with  the  T7  0.3  gene  sequence  in  either 
orientation.  Phage  with  the  0.3  gene  in  the  correct 
orientation  for  transcription  starting  from  the  SPP1 
promoter  2  (Sttlber  et  al.,  1981)  (opposite  to  the  normal 
orientation  for  T7  transcription)  were  designated 
SPPlv: :0.3+  and  those  with  the  incorrect  orientation  for 
transcription  were  designated  SPPlv: :0.3-.  Figure  3  shows 
the  details  of  the  543  bp  fragment  of  the  T7  genome  cloned 
Into  SPPlv.  The  asymmetric  AccI  site  was  used  to  determine 
orientation  of  cloning.  This  site  may.  Itself,  be  useful  in 
*  cloning  as  it  is  located  immediately  following  the 
Initiation  AT6  codon  for  the  T7  0.4  gene  and  is  preceded  by 
translation  stop  signals  and  an  apparently  good  ribosome 
binding  sequence  (Dunn  and  Studler,  1981).  The  diagram 

^  Illustrates  that  there  are  sequences  preceding  the  0.3  and 
0.4  genes,  5  and  6  bases  in  length,  respectively,  which  as 
mRNAs  should  hybridize  to  the  16S  rRNA  of  both  Z.  coli  and 
B.  subtil  is  ribosomes. 


EXPRESSION  OF  SPPlv  RECOMBINANT  PHAGESIN  INFECTED 
MINICELLS 


Mlnlcells  of  B.  subtilis  were  InfectecL  with  recombinant 
phage  and  allowed  to  incorporate  3t)S- methionine. 
Radioactively  labeled  polypeptides,  synthesized  in  infected 
■Inlcells,  were  analyzed  by  fluorography  following 
polyacrylamide  gel  electrophoresis  as  previously  described 
for  analysis  of  SPP1  gene  products  (Mertens  et  al.,  1979). 
We  are  unable  to  detect  differences  between  the  polypeptides 
jsynjtheslzed  In  SPPlv ^recombinant  phages.  There  are  SPP1- 
"encoded  polypeptides'  which  migrate,  during  electrophoresis, 
to  approximately  the  same  location  as  the  0.3  protein  (see 
Figure  4).  We  have  therefore  used  rabbit  antl-0.3  antiserum 
In  attempts  to  precipitate  radioactively  labeled  0.3  protein 
from  SPPlv: :0. 3+  infected  mlnlcells  to  ensure  that  co- 
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Migration  of  polypeptides  was  not  preventing  detection  of 
0.3  protein  synthesis.  The  antiserum  did  not  precipitate 
radloactlvely  labeled  0.3  protein  confirming  that  this 
protein  Is  not  synthesized  in  detectable  amounts  in 
SPPlv::0.3+  minicells  of  IS.  subtilis.  Minicells  infected 
'  i  cOQXvi  with  SPIdPl v : :0.3+  were  "allowed  to  incorporate  5,6[5H]- 
*’■  uridine  to  label  mRNA.  The  labeled  mRNA  was  used  in  RNArDNA 

filter  binding  hybridization  experiments.  As  shown  in  Table 
lt  very  few.  If  any,  transcripts  of  the  0.3  gene  were 
present  in  the  RNA  preparation.  It  must  therefore  be 
concluded  that  the  cloned  0.3  gene  Is  not  efficiently 
transcribed  in  infected  minicells  even  though  the  gene  is 
cloned  In  a  region  of  the  SPP1  genome  which  is  heavily 
transcribed  In  SPP1  infected  cells  (Stflber  et  al.,  1981)  and 
which  was  previously  shown  to  be  expressed  in  Infected 
mlnicel's  (Mertens  et  al.,  1979).  .  We  are  currently 
A  determining  whether  the  O  gene  is  expressed  in  SPPlv::0.3+ 
Infected  nucleated  cells  of  B.  subtills. 


VI.  CONCLUSIONS 


SPPlv  and  SPPlvm  can  be  used  to  clone  and  amplify 
specific  fragments  of  ONA  in  B.  subtilis  without  the  need 
for  gene  expression.  As  with  plasmid  cloning  In  B.. 
subtilis.  there  are  frequent  problems  of  instability  of 
recombinant  genomes  when  SPPlv  is  used  as  the  vector,  but  as 
shown  by  the  cloning  of  the  T7  0.3  gene.  It  Is  also  not 
difficult  to  obtain  desired  recombinants.  SPPlv,  SPPlvm  and 
SPPlvic  (Behrens  et  al..  1983)  are  virulent  phages  and  as 
such  are  not  Ideal  for  use  as  expression  systems.  Phage 
Infection  of  minicells  may  be  used  to  Investigate  encoded 

■  RNAs  and  polypeptides  (Reeve,  1979).  There  are,  however, 
significant  differences  between  SPP1  expression  In  nucleated 
cells  and  In  minicells  (Mertens  et  ah,  1979)  and  there  are 

■  ost  probably  major  differences  In  the  quantitative 
expression  of  genes  cloned  in  SPP1  vectors  In  Infected  cells 
and  In  Infected  minicells.  The  methyl  transferase  gene 
cloned  by  Behrens  et  al.  (1983)  In  SPPlvic  is  clearly 
functionally  expressed  in  infected  B.  subtilis  cells  but 
there  is  no  discernible  difference  between  the  polypeptides 
synthesized  in  minicells  Infected  by  the  vector,  SPPlvic. 
and  the  polypeptides  synthesized  in  minicells  Infected  by 
the  SPPlvic-methyl  transferase  encoding  recombinant  (J. 
Reeve  and  T.  Trautner,  1983;  unpublished  results).  Phage 
Infection  does  offer  the  opportunity  of  Introducing 
recombinant  DNA  molecules  Into  B..  subtilis  cells  without  the 
need  for  either  competent  cells  or  protoplasts.  Infection 
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can  therefore  be  used  to  study  Immediate  effects  of  cloned 
genes  on  actively  growing,  physiologically  normal  cells. 
Incorporation  of  appropriate  mutations  into  the  viral  vector 
genome  should  create  a  situation  in  which  viral  genes  are 
not  expressed  and  Infected  cells  are  therefore  not 
Immediately  killed. 

All  phage  described  In  this  report  have  been  deposited 
In  the  Bacillus  Genetics  Stock  Center  for  general 
distribution. 
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Figure  1.  Construction  of  SPPivm.  The  EcoRI 
restriction  map  of  SPPlw.t.  Is  shown  above  the  6 ql I 
restriction  map  of  SPPlv.  The  location  of  aX  and  aM  are 
Indicated.  The  single  Bam  HI  site  Introduced  Into  SPPlv 
(Hellmann  and  Reeve,  1982),  also  present  in  SPPivm  Is 
Indicated  by  the  heavy  vertical  arrowhead.  The  right  of  the 
figure  shows  agarose  gel  electrophoretic  separations  of  the 
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£ co R I  restriction  fragments  (with  numerical  deslgantions  to 
the  left  of  the  gel)  produced  by  digestion  of  the  genomic 
DNAs  of  the  phage  listed  above  each  track. 

Figure  2.  Physical  structure  of  the  DMA  of  recombinant 
phage  obtained  in  cloning  pET407  in  SPPlv.  The  top  line  in 
the  diagram  depects  pET407  linearized  by  Bam H 1  digestion. 
The  broken  line  is  M.  smithii  DNA  and  the  solid  line  pBR322 
DNA  (Hamilton  and  Reeve,  1983).  A  restriction  map  of  the 
DNA  adjacent  to  the  BamH  1  site  in  SPPlv,  also  cleaved  at  the 
BamHl  site,  is  shown  cirectly  below  the  pET407  map.  The 
physical  structure^  of  a  series  of  recombinant  phage, 
designated  SPET1,  ST'£T2,  etc,  obtained  in  a; attempt  to  clone 
pET4Q7  into  SPPlv  are  shown  below  SPPlv.  Deleted  areas  of 
the  vector  are  indicated  by  large  dots  and  deleted  areas  of 
pET407  by  small  dots.  SPET21  arose  .spontaneously  during 
growth  of  SPET2  in  B^.  subtilis  MCB.  SPET5  contains  a  small 
but  undefined  fragment  of  pBR322  DNA  as  shown  by  Southern 
blotting.  Sites  for  the  enzymes  EcoRI.  BamHl.  Avail. 
Hindlll  and  Bqll  are  indicated  by  the  symbos  E,  .A,  H,  and  A, 
respectively.  There  are  no  differences  in  the  regions  of 
the  genomes  of  the  phages  which  are  not  shown  in  the  Figure. 

Figure  3.  Structure  of  the  T7  DNA,  containing  the  T7 
0.3  gene,  cloned  in  SPPlv.  Plasmid  pAR324  (Studier  and 
Rosenberg,  1981)  consists  of  pBR322  plus  the  fragment  of  T7 
DNA  shown  in  the  diagram.  The  T7  fragment  was  cloned  in  the 
BamHl  restriction  site  of  p8R322  using  BamHl  linkers. 
Figures  below  the  DNA  fragment  are  the  location  of  that 
particular  base-pan?  in  the  T7  genome  designating  the 
extreme  left  end  of  T7  ajid  0.  All  details  of  T7  in  the 
figure  a4re  based  on  the  results  presented  by  Dunn  and 
Studier  (1981). 

Figure  4.  Autoradiogram  of  the  electrophoretic 
separation  of  radloactlvely  labeled  polypeptides  synthesized 
In  minicells.  Minicells  were  infected  by  different 
recombinant  phage,  indicated  above  the  tracks,  and  allowed 
to  Incorporate  ^S-methionlne.  Radloactlvely  labeled  poly¬ 
peptides  were  separated  by  electrophoresis  through  a  10  to 
20%  polyacrylamide  gel  which  was  dried  and  used  jn, 
fluorography  (Reeve,  1979).  Purified,  ^S-labeled  poly¬ 
peptides  synthesized  in  E.  coll  minicells  containing  pBR322 
and  pET405  were  run  "as  standards.  E.  coli  minicells 
containing  pBR322  and  pET405  synthesize  T-lactamase  and  E. 
coll  mlnlcells  containing  pET405  also  synthesize  two  M. 
smithii  polypeptides  of  molecular  weights  53,000  and  37,000 
(Hamilton  and  Reeve,  1983).  The  DNA  encoding  the  37,000 
polypeptide  is  present  in  SPET2  but  this  polypeptide  does 
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not  appear  to  be  synthesized  In  SPET2  Infected  minicells  of 
B.  subtil  Is. 


I 


Table  1.  Hybridization  of  ^H-RNA  Synthesized  In  SPPlv::Q.3+ 
Infected  Minicells  to  Filter-Bound  DNAa 


DNA  on  filter 
(5  pg  DNA/filter) 

^H-RNA  hybridized 
(c.p.m. 1 

X  of  input 
radioactivity  bound 

209 

1.4 

SPPlv 

6454 

44.2 

pAR324 

217 

1.5 

pBR322 

192 

1.3 

aM1n1cells  (4  x  1010)  from  B.  subtilis  CU403  thyA  thyB 
metB  dlvl V B 1  (Reeve  et  ai,  1973)  ‘were  infected  (input 
m.o.I.-TJ  with  SPPlv::07T+  as  described  by  Mertens  et  ah 
(1979J.  The  infected  minicells  wre  allowed  to  incorporate 
L5,6-3H]-uridine  (150  uCi/ml;  47  Ci/mmole;  Amersham  Corp., 
IL,  60005)  for  30  minutes  at  37°C.  Radioactively  labeled 
RNA  was  prepared  and  0NA:RNA  hybridization  carried  out 
exactly  as  described  by  Miller  (1972). 

The  fragment  of  T7  QNA  cloned  in  SPPlv::0.3+  is 
approximately  1%  of  the  total  size  of  this  genome.  Assuming 
that  all  the  genome  were  transcribed  equally,  transcription 
of  the  0.3  sequence  jshould  have  been  clearly  detectable  by 
comparing  the  amoutn  of  3H-RNA  bound  to  pBR322  with  the 
amount  bound  to  pAR324.  These  plasmids  differ  only  by  the 
presence  of  the  fragment  of  T7  DNA  in  pAR324  (see  Figure  3 
and  Studier  and  Rosenberg,  (1981)). 
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We  have  devised  an  experimental  system  using  the  17  phage  0.3  protein  to 
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accurately  quantitate  la  vivo  errors  in  translation.  The  0.3  protein  is 
well-suited  for  mistranslation  studies  because  it  is  easy  to  purify,  its  entire 
amino  acid  and  RNA  sequences  are  known,  and  it  contains  no  cysteine.  Utilizing 
^S-cystelne  as  precursor  we  found  an  average  of  1  cysteine  Disincorporated  for 
every  43.5  molecules  of  0.3  protein  synthesized.  Since  there  are  116  amino 
acids  in  0.3  protein,  one  cysteine  residue  was  Disincorporated  per  5000  codons 
translated.  If  all  20  amino  adds  were  Disincorporated  at  the  same  frequency, 
the  general  mistranslation  level  for  0.3  protein  would  be  4  x  10“^  per  codon. 
Parallel  ^S-methionine  incorporation  experiments  supported  the  accuracy  of  our 

**“■  .  e 

findings  for  cysteine  mlsincorporation.  We  found  an  average  of  5*7  methionine 
residues  incorporated  per  molecule  of  0.3  protein  synthesized,  while  the  actual 
number  from  sequence  data  is  known  to  be  6.  Antibiotics  which  stimulate 
Diareadlng  (gentamicin  and  streptomycin)  caused  an  increase  in  the  number  of 
oysteine  residues  Disincorporated  into  0.3  protein  but  the  increase  was  modest. 
The  use  of  isogeneic  £«.  coll  strains,  identical  except  for  mutations  in 
rlboaomal  protein  genes  known  to  affect  fidelity  of  translation,  supported  the 
assumption  that  our  system  quantitates  oistranslatlon  rather  than 
mistranscription . 
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Introduction 

Errors  produced  by  a  complex  mechanism  are  necessarily  characteristic  of 
its  normal  modes  of  functioning.  Thus,  information  about  the  translational 
process  could  be  gained  by  studying  errors  In  translation.  Reports  of  the 
frequency  of  mistranslation  la  vivo  in  eukaryotic  and  procaryotic  cells  have 
been  in  the  range  of  one  error  per  10^-10^  correct  amino  acid  insertions  (1-9). 
Tests  to  measure  the  accuracy  of  protein  synthesis  la  vivo  are  difficult  to 
devise  because  the  frequencies  of  mistranscription  and  mistranslation  la  vivo 
are  very  low  and  the  protein  or  peptide  of  Interest  must  be  first  separated  from 
the  total  proteins  and  then  accurately  quantitated.  Incorporation  of  an 
incorrect  amino  acid  into  a  polypeptide  has  been  detected  by  three  different 
techniques.  The  first  method  is  based  on  a  charge  difference  between  the 
correct  and  incorrect  amino  add.  Incorporation  of  the  incorrect  amino  acid 
causes  a  change  in  the  isoelectric  point  of  the  polypeptide  which  can  be 
detected  by  two-dimensional  gel  electrophoresis  (10).  Only  amino  acid 
substitutions  resulting  in  a  peptide  charge  difference  can  be  detected  by  this 
technique  and  it  is  usually  not  sensitive  enough  to  detect  the  low  levels  of 
mistranslation  in  normally  growing  cells  (11).  Mistranslation  can  also  be 
detected  in  nonsuppressing  £«.  coll  strains  as  synthesis  of  full  length 
polypeptides  encoded  by  genes  which  carry  a  nonsense  mutation.  Mistranslation 
of  nonsense  mutations  has  been  detected  by  assaying  functional  -galaetosldase 
(7)  and  alkaline  phosphatase  (7,  12).  The  disadvantage  of  this  technique  is 
that  only  substitutions  of  amino  adds  which  lead  to  an  aotive  protein  will  be 
detected  and  some  amino  add  subatitutions  may  result  in  activities  which  are 
leas  than  wild-type.  The  third  method  can  be  used  when  a  technique  is  available 
to  quantitatively  purify  a  protein  or  peptide  which  is  known  not  to  contain  a 
particular  amino  add.  Edelmann  and  Gallant  ( 4)  measured  the  misinoorporation 
of  ^S-cysteine  in  non-cystelne-oontalnlng  flagellin  of  JE*  °dl  •  Purification 
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of  labeled  flagellln  was  facilitated  by  the  extra-cellular  location  of  this 
protein.  Our  experiaental  system  has  made  use  of  the  relatively  easy 
purification  of  E.  coll  T7  phage  0.3  protein  (13)  and  the  fact  that  it  also 
contains  no  cysteine  (14).  We  have  found  mislncorporatlon  of  cysteine  into  0.3 
protein  to  be  40  times  higher  than  that  observed  for  £*.  coll  flagellln  (4)  but 
similar  to  the  level  of  lysine  for  asparagine  substitution  in  MS2  phage  coat 
protein  (determined  by  2-dimensional  electrophoresis)  (15)  and  the 
mistranslation  level  of  an  L.  coll  ochre  mutation  of  alkaline  phosphatase  ( 7) > 
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»"d  Baa tar la  -  The  sources  and  description  of  JL.  coll  strains  used  In 
this  study  are  shown  In  Table  1.  The  nutations  In  bacteriophage  T7,  AH3,  1am 
193,  ^  LG3,  are  described  by  Studler  et  al.,  (16).  fLu  coll  cells  Infected  with 
T7  AH3,  1sa/1^ALG3  synthesize  large  amounts  of  the  T7  0.3  protein  and  virtually 
no  other  T7  protein  (13).  T7  ^H3,  1am  193,  ALG3  was  grown  In  E.  coll  BBw/t. 
Phage  were  purified  by  ultracentrifugation  In  a  CsCl  step  gradient  and  titrated 
on  Zt.  coll  BBw/t.  £*.  coll  strains  were  constructed  by  transduction  using  Plvlr 
according  to  the  procedure  of  Miller  (17). 

Madia  and  Antibiotics  -  Immediately  before  use  coll  cells  were  grown  in 
LB  complete  medium.  M9  minimal  medium  without  sulfate  supplemented  with  1.0  pg 
thlaalne/nl  and  1  pH  MgCl^  was  used  for  all  experiments.  This  medium  was 
supplemented  with  100  ^ig  thymine/ml  for  experiments  employing  £*.  coll  KL266. 
Gentamicin  sulfate  and  neomycin  sulfate  were  obtained  from  Sigma  Chemical 
Company  and  streptomycin  sulfate  from  Eli  Lilly  and  Company. 

Produo tlon  of  Antiserum  -  New  Zealand  white  rabbits  were  Immunized 
intramuscularly  with  0.3  protein  (500  pg  In  complete  Freund's  adjuvant)  and  9 
weeks  later  were  boosted  Intradermally  with  500  pg  0.3  protein  In  Incomplete 
Freund's  adjuvant.  The  animals  were  bled  2-4  weeks  later.  The  rabbit  antiserum 
was  shown  to  be  specific  for  the  0.3  protein  in  radlolmmune  precipitation  (RIP) 
experiments  In  whloh  17  CRIOb,  an  amber  mutant  In  gtne  0.3  (18),  was  used  to 
infoot,  in  the  prtstoot  of  thlonln* ,  olthor  £*  sail  BBw/t  (Su*)  or  £*.  noil 

B  (Su°).  SOS- PAGE  and  autoradiographic  analyses  of  the  Immune  precipitate 
showed  a  heavy  band  in  the  0.3  protein  position  only  when  coll  strain  BB  w/t 
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was  used  (data  not  shown). 

Radlolmmuna  Precipitation  (..RIP)  and  SodlUB  Dodecvl  Sulfate  PolYacrYlaBlde 
Get  Electrophoresis  ( SDS-PAGE1  -  coli  cells  growing  exponentially  in  complete 

Q 

LB  medium  were  washed  with  M9  medium  and  resuspended  to  2  x  10  cells/ml  in  M9 
medium  containing  10*  (v/v)  methionine  assay  medium  or  cysteine  assay  medium 
(Difoo).  Cells  (0.2  ml  of  suspension  in  Eppendorf  tubes)  were  infected  with  T7 
phage  at  an  input  m.o.i.  of  5.  For  experiments  shown  in  figure  1,  minicells 
were  prepared  from  £*.  coll  RL002  and  infected  with  T7  as  previously  described 
(19,  20).  methionine  or  ^S-cysteine  was  added  at  50  jiCl/ml.  Cells  were 

inoubated  at  37°C  for  30  min,  10  jul  of  20  mM  NaN^  was  added  and  the  tubes 
centrifuged  for  2  min  in  an  Eppendorf  model  5412  centrifuge.  The  cells  were 
resuspended  in  10  /il  50  mM  Tris  HC1,  pH  8,  10  mM  Na^  EDTA,  and  4*  (v/v)  glycerol 
containing  10  fig  lysozyme.  Following  incubation  at  37°C  for  15  min,  the  cell 
suspensions  were  frozen  and  thawed  5  times.  DNaaeA  (10  pg)  and  MgSO^  ( 10  fil  of 
1.0  M)  were  added  and  the  mixture  incubated  for  15  min  at  37°C.  NET  buffer  (200 
jil  of  150  mM  NaCl,  5  mM  EDTA,  50  mM  Tris,  0.2*  (v/v)  NaN^,  0.05*  (v/v)  NP40, 

0.1*  (v/v)  bovine  serum  albumin,  pH  7.4)  was  added  and  the  tubes  centrifuged  for 
2  min..  The  supernatant  (100  /il  aliquots)  was  transferred  to  2  tubes. 

Antiserum  (10  fil)  was  added  to  one  tube  and  serum  from  a  non- immunized  rabbit 
(10  jil)  was  added  to  the  other  tube.  The  mixtures  were  incubated  overnight  at 
4°C.  Protein  A  Sepharose  CL-4B  (100  mg  in  100  fil  NET  buffer  (Pharmacia))  was 
added  to  each  tube  and  incubation  at  4°C  continued  for  1  b.  The  tubes  were 
centrifuged  for  3  min  in  the  Eppendorf  centrifuge  and  the  resulting  pellet 
washed  5  times  with  NET  buffer.  SDS-PAQE  sample  buffer  (staoking  gel  buffer 
containing  3*  SDS,  5*  2-mercaptoethanol  and  10*  glycerol)  (0.1  ml)  was  added  to 
the  washed  pellets,  the  mixtures  boiled  for  3  win  and  then  centrifuged  for  3 
at  room  temperature.  Polypeptides  in  aliquots  of  the  supernatants  were 


separated  by  electrophoresis  through  10-20$  gradient  SDS-PAGE  slab  gels  and 
radioactively  labeled  polypeptides  were  detected  by  fluorograpby  as  previously 
described  (21). 

0.3  Protein  Purification  -  A  modification  of  the  published  procedure  (13) 
was  used.  Exponentially  growing  coll  cells  in  4L  LB  complete  medium  were 
infected  with  a  lysate  of  T7  AH3,  1am1Q3.  A  LG3  at  an  input  s.o.i.  of  2-3*  the 
Infected  cells  were  shaken  for  60  min  at  37°C..  Cells  were  centrifuged  at  7600  x 
g  for  15  min  at  4°C  and  resuspended  in  20  ml  50  mM  Tris-HCl,  pH  containing  10 
mM  Ma^  EOT A,  4$  glycerol  and  40  fig  lysozyme.  Cell  lysis  resulted  from  5  cycles 
of  freezing  and  thawing  the  cell  suspension.  DNaseA  (300  fig)  and  300  >xl  1  M 
MgSOjj  were  added,  the  mixture  shaken  for  30  min  at  32°C,  adjusted  to  0.3  M  MH^Cl 
and  centrifuged  at  17,000  x  g  at  4°C  for  15  min.  The  supernatant  fraction  was 
centrifuged  at  123,000  g  at  4°  for  1  h  and  this  supernatant  was  passed  through  a 
10  ml  DEAE-cellulose  column  (in  a  50  ml  disposable  syringe),  equilibrated  with 
0.3  M  HH,jCl,  20  mM  Tris  HC1,  pH  8,  and  4$  (v/v)  glycerol.  The  column  was  washed 
with  150  ml  of  this  buffer  and  proteins  bound  to  the  column  were  eluted  with  a 
100  ml  gradient  of  0.3  M  to  1  M  KH^Cl  in  20  mM  Tris  HC1,  pH  8,  4$  glycerol. 

Five  ml  fractions  were  collected  and  tested  for  0.3  protein  by  2-dimensional 
immunodiffusion  using  rabbit  anti-0.3  antiserum.  Fractions  containing  0.3 
protein  were  pooled  and  the  proteins  precipitated  by  addition  of  an  equal  volume 
of  oold  10$  (v/v)  trichloracetic  acid  (TCA).  Following  centrifugation  (15  min 
at  4°C  at  17 >000  x  g) ,  the  resulting  pellet  was  dissolved  in  0.3  M  Tris  HC1,  pH 
8.8,  to  give  a  solution  of  approximately  10  mg  protein/ml.  Four  volumes  of  95$ 
ethanol  were  added  and  after  30  min  on  ice,  the  solution  was  centrifuged  for  15 
min  at  4°C  at  17,000  x  g.  The  0.3  protein  is  soluble  in  ethanol  (13)  and 
therefore  remained  in  the  supernatant.  0.3  protein  was  precipitated  from  the 
supernatant  by  addition  of  an  equal  volume  of  cold  10$  (v/v)  TCA,  incubation  for 
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»t  least  one  hour  on  lee  and  centrifugation  at  17 ,000  x  g  for  15  min.  The 

t-pprtt.  i/natciy 

pellet  of  0.3  protein  was  dissolved  In  a  small  volume  (  A  2  ml)  of  0.3  M  Tris 
HC1,  pH  8.8,  and  tested  for  purity  by  electrophoresis  through  polyacrylamide 
gradient  gels  (21),  and  stained  for  proteins  using  the  sensitive  silver-based 
technique  (22).  Protein  in  solution  was  quantitated  using  a  Bio-Rad  Protein 
Assay  kit  and  Bio-Rad  bovine  plasma  albumin  as  a  standard. 

Cyatelna  ADd  Methionine  Incorporation  Experiments  -  Exponentially-growing 
£«.  coll  cells  in  LB  complete  medium  were  washed  twice  with  M9  medium  and 
resuspended  in  50  ml  M9  medium  at  2  z  10^  cells/ml.  CsCl-purlfied  T7  AH3,  1  am 
193,  A  LG  3  was  added  at  an  m.o.l.  of  2-3.  For  cysteine  incorporation  the  50  ml 
M9  minimal  medium  supplemented  with  10?  (v/v)  Cysteine  Assay  Medium  (Difoo)  also 
contained  ^S-cysteine  (New  England  Nuclear  Corp.)  at  10  pCl/al,  unlabeled 
cysteine  at  200  ^iM,  and  unlabeled  methionine  at  0.1  mg/ml  (670  />M).  For 
methionine  incorporation  experiments  the  50  ml  M9  minimal  medium  supplemented 
with  10?  (v/v)  methionine  assay  medium  (Dlfco)  also  contained  ^S-methlonine 
(New  England  Nuclear  Corp.)  at  10  jiCl/ml  and  unlabeled  methionine  and  cysteine 
both  at  200  pH.  Radloaotively-labeled  0.3  protein  was  purified  as  described 
above  using  smaller  amounts  of  reagents  (usually  1/10  as  much). 

Thin  Laver  Chromatography  -  Purified  0.3  protein,  synthesized  in  the 
presence  of  ^S-cysteine  was  hydrolyzed  in  6N  HC1  at  110°C  for  22  b  using  a 
sealed  hydrolysis  chamber.  HC1  was  evaporated  under  vacuum  and  the  hydrolysate 
resuspended  in  water.  Unlabeled  cysteine  (12  ug)  and  methionine  (15  ug)  were 
added  as  markers  and  the  mixture  spotted  on  an  Eastman  cellulose  chromagram 
sheet  (Eastman  Kodak  Company) .  Vertical  thin  layer  chromatography  was 
accomplished  using  N- propanol:  34?  NH^OH  (7:3  ratio)  as  the  solvent.  Cysteine 
and  methionine  were  located  by  ninhydrin  staining.  The  chromagra  sheet  was 
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used  in  autoradiography  to  locate  ^S-cysteine  ^  35s_methioaine .  Locations  of 
these  compounds  were  compared  to  the  ninhydrin  determined  locations  of  the 
non-radioac tl  ve  cysteine  and  methionine. 
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Rwulta 

The  Experimental  System  -  We  chose  the  T7  0.3  protein  (an  anti-restriction 
protein)  (18)  as  a  tool  for  our  mistranslation  studies  because  it  is  produced 
in  abundance  after  infection  of  £*.  coli  with  appropriate  T7  mutants  (13); 
infection  acts  as  a  zero  time  for  synthesis  and  therefore  all  of  the  test 
protein  is  made  during  the  labeling  period;  0.3  protein  is  easily  purified  (13); 
the  amino  acid  and  RNA  sequences  are  known  (14),  and  it  contains  no  cysteine 
residues.  Figure  1  shows  that  there  are,  in  fact,  three  77  proteins  which  do 
not  contain  cysteine,  namely  the  products  of  the  early  0.3  gene  and  the  late 
genes  9  and  16.  The  latter  two  are,  however,  made  in  much  smaller  amounts  than 
the  0.3  protein. 

In  order  to  quantitate  the  incorporation  of  cysteine  residues  into  0.3 
protein,  it  was  necessary  to  know  the  specific  activity  of  cysteine  used  by  the 
cell  in  protein  synthesis.  To  prevent  dilution  of  the  ^S-cysteine  by 
endogenously  synthesized  cysteine,  unlabeled  cysteine  was  added  at  a  known, 
saturating  level  (23).  Excess  unlabeled  methionine  was  also  provided  to  prevent 
cysteine  conversion  into  methionine  (24).  The  cysteine  assay  medium  provided 
all  the  other  amino  acids  and  this  prevented  cysteine  catabolism  to  pyruvate 
(23).  Dilution  experiments  showed  that  the  minimum  saturating  level  for  both 
oystelne  and  methionine  utilization  in  £*.  coll  B  was  200  pH.  An  Increase  la 
cysteine  or  methionine  concentration  above  this  level  did  not  result  in  any 
additional  cysteine  or  methionine  Incorporation  into  proteins  (data  not  shown). 

T7  infected  cells  were  allowed  to  incorporate  ^S-cysteine  or 
^S-methlonlne.  They  were  then  lysed  and  0.3  protein  was  purified  in  2  steps: 
DEAE  cellulose  anion  exchange  chromatography  and  extraction  of  the  eluate  with 
95?  ethanol  (see  Experimental  Procedures).  Figure  2  is  a  photograph  of  a 
silver-stained  SDS-PAQE  gel  showing  the  purity  of  the  0.3  protein  following  the 
ethanol  extraction  step. 
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To  calculate  the  number  of  cysteine  (or  methionine)  residues  incorporated 
per  molecule  of  0.3  protein  synthesized,  it  was  necessary  to  determine  the 
specific  activity  of  the  purified  0.3  protein  and  of  the  ^S-oysteine  (or 
^S-methionine )  precursor  provided.  The  latter  value  was  determined  by 
scintillation  counting  of  a  known  aliquot  of  the  ^S-cysteine  (or 
^S-methionine)  preparation  and  dividing  the  number  of  molecules  of  cysteine  (or 
methionine)  added  to  the  reaction  medium  by  0PM  added  to  the  same  medium.  The 
specific  activity  of  0.3  protein  was  determined  by  counting  an  aliquot  of  the 
purified  protein  and  dividing  DPM  by  the  number  of  molecules  in  the  aliquot  (1 
mg  *  5.4755  x  lO1^  molecules).  The  molecules  of  cysteine  (or  methionine) 
Incorporated  per  molecule  0.3  protein  was  calculated  as  shown  in  the  legend  to 
table  2. 

Mistranslation  of  Q.^  protein  -  Results  of  cysteine  misincorporation 
experiments  are  shown  in  Table  2.  The  range  of  values  in  6  experiments  using  £*. 
coll  B  was  0.021  to  0.024  cysteine  residues  misincorporated  per  molecule  0.3 
protein  synthesized  and  the  mean  ±  S.D.  was  0.023  ±  0.001,  or  23  cysteine 
residues  misincorporated  per  1000  molecules  of  0.3  protein  synthesized.  Since 
there  are  116  amino  acids  in  0.3  protein  (14),  one  cysteine  residue  was 
mialneorporated  per  5  x  10^  codons  translated  in  £*.  coll  B.  If  all  20  amino 
acids  were  misincorporated  at  the  same  frequency  as  that  of  cysteine,  there 
would  be  an  average  of  one  misincorporated  amino  acid  per  250  oodons  translated 
or  an  error  frequency  of  4  x  10“^  per  codon.  This  is  a  mistranslation  level 
approximately  40-fold  higher  than  was  reported  for  the  misincorporation  of 
oystelne  into  E.  coll  flagellin  (4).  Evidence  supporting  our  value  for  cysteine 
mislnoorporation  into  0.3  protein  comes  from  parallel  methionine  Incorporation 
experiments.  Using  aliquots  of  the  same  £*.  coll  and  phage  preparations  and 
identical  purification  and  calculation  procedures  we  determined  that  5.7 
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molecules  of  methionine  were  incorporated  per  molecule  of  0.3  protein 
synthesized  in  T7  infected  coll  B  (Table  2).  The  actual  number  is  known  from 
sequence  data  to  be  6  (14). 

^s-cvatelne  Is  not  converted  to  ^S-methlonlne  .  Because  the  0.3  protein 
contains  methionine ,  metabolic  conversion  of  ^^S-cysteine  to  ^^S-methlonine 
would  result  in  an  erroneously  high  calculated  error  level  for  misincorporatlon 
of  3^S-cysteine  into  0.3  protein.  It  was  therefore  necessary  to  ensure  that  the 
0.3  protein  contained  no  ^S-methionine  yhen  ^^s-cysteine  was  supplied  as  the 
precursor  and  that  all  the  radioactivity  in  the  0.3  protein  resided  in  cysteine 
residues.  Thin  layer  chromatography  was  used  to  demonstrate  directly  that  ^S-  ' 
remained  exclusively  in  cysteine.  The  use  of  N- propanol:  34%  ammonium  hydroxide 
as  solvent  resolved  cysteine  and  methionine  into  clearly  separable  spots  which 
were  located  by  ninhydrin  staining  (figure  3).  Figure  3  shows  that  the 
3^S-label  In  ^^S-cystelne- labeled  0.3  protein  was  contained  only  in  cysteine  and 
not  in  methionine  residues. 

Several  experiments  were  undertaken  using  an  £*.  coll  strain  (KL266)  which, 
beoause  of  mutations,  cannot  interconvert  cysteine  and  methionine.  £*  fiflli 
KL266  is  defective  in  met£  ( tetrahydropteroyl triglutamate  methyltranaferaae)and 
cvaC  (adenylsulfate  kinase)  and  cannot  form  methionine  from  cysteine  (24). 

Table  2  shows  results  of  cysteine  and  methionine  incorporation  experiments  using 
strain  KL266.  The  value  for  methionine  incorporation  was  similar  to  that 
obtains^  with  strain  B  (5.0  vs.  5.7  moleoules/molecule  0.3  protein).  The  value 
for  oysteine  misincorporatlon  was,  however,  slightly  lower  than  that  obtained 
with  strain  B  (0.014  vs.  0.023  moleoules  oysteine  incorporated  per  molecule  0.3 
protein  synthesized) .  Note  that  £*,  coll  KL266  carries  a  mutation  in  rlbosomal 
protein  SI 2  (rnaL) .  Nutations  in  this  protein  have  been  shown  to  increase  the 
fidelity  of  translation  (11,  25)  which  may  aooount  for  the  slight  decrease  in 
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cysteine  misincorporation  in  T7-infected  KL266  cells. 

Amlnogivcoaide-Induced  Misreading  -  The  aminoglycoside  antibiotics, 

streptomycin  and  gentamicin,  are  known  to  promote  mistakes  in  translation.  It 

would  be  expected  that  higher  levels  of  ^S-cysteine  misincorporation  into  0.3 

protein  would  be  observed  if  either  of  these  antibiotics  were  present  during 

labeling  of  T7-infected  cells.  Experiments  performed  with  T7-infected  Z±.  flflll  B 

demonstrated  that  Increasing  amounts  of  gentamicin  caused  increasing  amounts  of 
Te  be 

oystelne^mlslncorporated  (table  3).  When  2.5  ^g,  5.0  and  10  jig  gentamicin 
aulfate  were  added  per  ml,  cysteine  misincorporation  was  126},  152}  and  165}, 
respectively,  of  that  incorporated  in  the  absence  of  gentamicin. 

These  results  were  confirmed  in  ^S-cysteine  misincorporation-RIP 
experiments.  SDS-PAGE  and  autoradiographic  analyses  of  the  Immune  precipitates 
showed  increasing  ^S-cysteine  incorporation  into  0.3  protein  with  increasing 
amounts  (10  to  40  jig/ml)  of  gentamicin  sulfate  present  (figure  4).  Figure  4 
dearly  shows  that  whereas  overall  protein  synthesis  decreased  with  increasing 
gentamicin  concentration,  radioactivity  (present  in  ^S-cysteine)  in  the  0.3 
protein  increased. 

He  performed  similar  cysteine  misincorporation  experiments  using 
streptomycin.  Strains  of  £*  coll  were  constructed  which  were  isogeneic  exoept 
for  the  presence  or  absenoe  of  specific  mutations  known  to  affect  rlbosomal 
proteins  which  play  a  role  in  the  fidelity  of  protein  synthesis.  RL002  has  wild 
type  ribosomes,  RL003  carries  a  mutation  in  rnaE  which  decreases  fidelity  in 
translation  (rlbosomal  ambiguity  mutant  »  ram),  DS410  carries  a  mutation  of  rnaL 
which  increases  fidelity  of  translation  in  the  presenoe  of  streptomycin. 

Results  are  shown  in  table  3>  When  strain  RL002  served  as  host,  addition  of 
streptomycin  aulfate  (10  fit/ ml)  resulted  in  cysteine  misincorporation  which  was 
144}  of  that  seen  in  identical  experiments  without  streptomyoln.  As  expeoted, 
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when  strain  DS410  served  as  host,  there  was  no  difference  In  mistranslation 
frequency  In  the  presence  or  absence  of  streptomycin.  When  strain  RL003  (ram) 
served  as  host,  In  the  absence  of  streptomycin  cysteine  misincorporation  was 
1369  of  that  observed  with  strain  RL002  (wild-type).  In  the  presence  of 
streptomycin,  even  more  cysteine  was  mlslncorporated  into  0.3  protein  - 
consistent  with  the  known  streptomycin  hypersensitivity  of  the  ramC319  mutation 
(25). 
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DISCUSSION 

The  T7  0.3  protein  appears  to  be  well  suited  for  studies  of  In  vivo 
Mistranslation.  It  is  synthesized  in  large  amounts  and  only  after  T7  infection, 
is  relatively  easy  to  purify,  contains  no  cysteine,  and  its  precise  amino  acid 
sequence  and  codon  usage  are  known  (13,  14).  Using  the  T7  0.3  protein,  we  have 
found  the  level  for  mlsincorporation  of  cysteine  into  this  protein  to  be  0.023 
residues  per  molecule.  If  other  amino  acids  are  mlsincorporated  at  a  similar 
rate,  the  overall  mistranslation  level  for  0.3  protein  in  T7-infected  E.  coll 
oells  would  be  4  z  10~3  misincorporations  per  codon  translated.  This  is  40 
times  higher  than  the  error  rate  determined  by  Edelmann  and  Gallant  (4)  for 
cysteine  mlsincorporation  into  £*.  coll  flagellin.  It  is  similar,  however,  to 
the  level  found  by  Parker  ml.  ml.  (15)  for  mlsincorporation  of  lysine  for 
asparagine  in  MS2  phage  coat  protein  (2  x  10“^)  and  to  the  level  found  by 
Bosenberger  ml  ml*  (7)  for  the  misreading  of  a  nonsense  codon  in  £*.  col 1 
alkaline  phosphatase  (2  x  10"^).  It  is  satisfying  that  a  similar  (albeit  high) 
error  level  was1  found  for  3  different  proteins  by  3  different  techniques. 

Theoretically,  errors  in  proteins  synthesized  la  vivo  could  occur  at  the 
levels  of  DNA  replication  (mutation)  and  transcription,  as  well  as  translation. 
Nutation  is  not  a  likely  source  of  the  error  we  are  measuring;  mutation  rates 
are  10^-10^  lover  than  the  rate  of  cysteine  mlsincorporation  into  0.3  protein 
(26).  Mistakes  in  tranaoription,  on  the  other  hand,  probably  do  contribute  to 
the  overall  error  rate  in  any  experimental  system  which  measures  la  vivo 
mistranslation.  However,  the  contribution  of  mistranscription  to  experimentally 
determined  errors  in  translation  is  probably  minor  because  mistranscription 
levels  have  been  observed  to  be  at  least  10  fold  lower  than  mistranslation 
levels  (26).  That  we  are  predominantly  measuring  translational  errors  was  shown 
by:  1)  experiments  in  which  addition  of  aminoglycoside  antibiotics  known  to 
Induce  misreading  resulted  in  increased  amounts  of  cysteine  mlsincorporated  into 


1 


18 


0.3  protein  ( table  3  and  figure  4)  and  2)  by  experiments  utilizing  constructed 
strains  of  £*.  coll  Isogeneic  except  for  mutations  in  rlbosomal  protein  genes. 

In  each  case,  the  error  level  was  increased  or  decreased  as  predicted  by  the 
known  effect  of  the  mutation  on  the  fidelity  of  translation  (table  3). 

The  frequency  of  translational  errors  la  vivo  was  found  by  other  workers  to 
be  increased  by  4  to  50  fold  by  the  presence  of  aminoglycoside  antibiotics 
(4, 7 ,27 >28).  The  absolute  error  level  observed  was  similar  to  the  level  we 
found  for  misincorporatlon  of  cysteine  into  0.3  protein  in  the  presence  of 
gentamicin  or  streptomycin  (5-7  x  10"^/codon,  depending  upon  antibiotic 
concentration  (table  3)).  In  our  experiments  the  cysteine  misincorporatlon 
level  without  antibiotics  was  4  x  10”^/codon,  making  the  increase  in  errors 
caused  by  addition  of  antibiotics  modest  (less  than  two- fold)  even  at  the 
highest  concentration  of  antibiotics  used  (10  ug/ml).  This  suggests  that  the 
decrease  in  fidelity  caused  by  aminoglycosides  is  relative  and  may  depend  upon 
the  natural  error  level  of  a  particular  amino  acid  mlsinsertion,  with  the 
antibiotic  exerting  a  lesser  effect  in  the  case  of  a  normally  high  error  level. 
The  highest  concentration  of  gentamicin  and  streptomycin  used  in  these 
experiments  (10  /ig/ml)  still  allowed  sufficient  synthesis  of  0.3  protein  for 
purification  and  accurate  quantitation  of  ^S-cysteine  misincorporatlon.  At 
gentamloin  concentrations  greater  than  10  fift/ml  we  may  have  found  higher  levels 
of  oystelne  misincorporatlon  as  suggested  by  the  RIP-PAGE  experiment  shown  in 
figure  4. 

He  do  not  know  if  other  amino  acids  are  alsineorporated  into  0.3  protein  at 
the  same  rate  as  is  oystelne.  There  is  evidence  to  suggest  that  there  is  a 
hierarchy  of  errors  which  can  occur  on  the  ribosome  (10,11,26,29,30).  The 
probability  of  mistranslation  of  a  particular  codon  will  depend  not  only  on  that 
oodon  (which  will  have  oodon-anticodon  interactions  of  varying  strengths  with 
cognate  and  noooognate  tRHAs  (31-34),  but  also  on  its  neighboring  codons  within 
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the  mRNA  being  translated  (35).  The  probability  of  substitution  varies  front 
site  to  site  within  a  protein  and  thus  different  proteins,  as  a  whole,  nay  have 
different  error  rates.  The  fact  that  experimentally  determined  frequencies  of 
ip  vivo  mistranslation  differ  by  more  than  ten-fold  must  reflect  at  least  sane 
of  these  variables.  A  factor  which  may  also  influence  experimental  results  is 
the  stability  of  the  error-containing  protein  being  studied.  It  is  known  that 
half-lives  of  polypeptides  with  abnormal  structures  are,  in  general,  much 
shorter  than  the  half-lives  of  most  correctly  synthesized  polypeptides  in 
bacterial  and  eukaryotic  cells  (36-37).  We  have  used  the  0.3  protein  of  T7 
phage  to  assay  mistranslation;  therefore  the  relatively  high  error  frequency  we 
observed  may  reflect  the  fact  that  degradation  of  abnormal  proteins  is  known  to 
be  inhibited  in  cells  infected  with  T7  phage  (38). 

A  major  unresolved  question  is  whether  cysteine  substitutes  only  for 
arginine  due  to  first  position  codon  misreading  as  suggested  by  Edelmann  and 
Gallant  (4),  or  whether  other  types  of  errors  (2nd  or  3rd  position  misreading) 
can  also  occur.  There  are  4  arginine  residues  in  0.3  protein  and  they  fall  into 
only  two  cyanogen  bromide  (CNBr)  cleavage  products.  We  are  currently 
determining  which  CNBr  fragments  of  0.3  protein  contain  ^S-cysteine.  The  0.3 
gene  baa  been  cloned  on  a  plasmid  which  replicates  in  ooli  (•)  end  on  a  phage 
which  replicates  in  £*.  subtilis  (*)  so  it  will  also  be  possible  to  determine 
whether  the  frequency  of  cysteine  misincorporation  into  0.3  protein  is  different 
in  non-inf acted  £*.  coll  and  in  another  procaryotic  species,  JL.  subtilis. 
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Figure  Legends 


Figure  1 .  Mftthioalat  Ahi  cysteine-containing  polvDeptldea  q!  XL*  (wild  type) 
hactarlonhaga.  Minicells  isolated  from  coll  RL002  (2  z  109)  were  infected 

with  T7+  phage  at  an  input  m.o.i.  of  5  and  incubated  for  30  min  at  37°C  in  the 
presence  of  ^S- methionine  or  ^S-cysteine.  Radioaetively-labeled  polypeptides 
were  detected  by  fluorography  after  preparation  for  and  separation  by  SDS-PAGE 
as  previously  described  (19»  20).  Track  as^S-methlonine  labeled  T7 
polypeptides;  track  bs^^S-cysteine  labelel  T7  polypeptides.  T7  late 
polypeptides  9  and  16  and  early  polypeptide  0.3  do  not  contain  cysteine. 

Figure  2.  SDSr-Polyao rv lami d a  gel  electrophoresis  of  purified  0-3  protein.  T7 
0.3  protein  (from  3  experiments)  was  purified  by  DEAE  cellulose  chromatography 
and  ethanol  extraction  and  examined  for  purity  by  SJDS-PAGE  and  the  silver 
nitrate  stain  as  described  In  Experimental  Procedures.  In  the  3  leftmost  tracks 
were  applied  2  jig  of  the  proteins  recovered  from  the  ethanol  supernatants;  in 
the  3  rightmost  tracks  were  applied  aliquots  of  the  proteins  recovered  from  the 
ethanol  precipitates.  Every  other  lane  of  the  gel  contained  sample  buffer  only. 
The  dark  bands  near  the  top  of  the  gel  are  an  artifact  of  sample  buffer  and 
the  silver  stain  technique. 

Figure  3.  Autoradiogram  of  thin  layer  chromatography  of  hydrolysed 
^S-cvatalne— labeled  Q-3  protein.  Purified  0.3  protein,  synthesized  in  the 
presence  of  ^S-cysteine  was  hydrolyzed  in  6N  HC1.  The  dried  hydrolysate  was 
resuspended  In  water  and  unlabeled  cysteine-HCl  (12  fig)  and  methionine  (15  fig) 
were  added  as  markers.  The  mixture  (7  ul)  was  spotted  on  a  cellulose  sheet  and 
developed  with  I- propanol:  34*  HH^OH  (7:3)  (left  track).  Spotted  in  the  right 
traok  was  1  jil  of  a  dilution  of  methionine  equal  to  7000  DPM  plus  15  fig 
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unlabeled  methionine.  Following  chromatography  the  chromagram  sheet  was  used  to 
expose  X-ray  film  (X-OMAT,  Kodak  Company)  to  locate  ^^S-cysteine  and 
^S-aethionlne .  The  locations  of  these  radioactive  spots  were  compared  to  the 
ninhydrin-determlned  locations  of  cysteine  (dotted  spot,  left  track)  and 
methionine  (dotted  spot,  right  track). 

Figure  4.  Increased  miaincorporatlon  of  35S-c.yatelne  Into  0^3.  jpgataln  kith 
1  ncraescrt  ycntamlcln  concentration .  E .  coll  B  was  infected  with  T7  A  H3^  1gfl1 93,A 
LQ3  in  the  presence  or  absence  of  gentamicin  sulfate.  The  cell  lysates  were 
reacted  with  either  non-lmmune  serum  (tracks  la,  2a,  3a  and  4a)  or  antl-0.3 
antiserum  (tracks  1b,  2b,  3b  and  4b)  and  the  precipitated  material  analyzed  by 
fluorography  following  SDS-PAGE  as  described  in  Experimental  Procedures.  Tracks 
la  and  1b  *  no  gentamicin  present;  tracks  2a  and  2b  *  10  ;ig  gentamicin/ ml; 
tracks  3a  and  3b  *  20  /ig  gentamlcln/ml;  tracks  4a  and  4b  *  40  >ig  gentamicin/ml. 
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Footnotes 


Desmyter,  A. I.,  Rice,  J.B.  and  Reeve,  J.N.,  manuscript  in  preparation. 


Table  1.  Strains  of  E. 

coli  used  in  this  study. 

Strain 

Genotype 

Source 

E 

Su° 

Lab  stock 

BBw/t 

Su+  (amber  suppressor  of  unknown 
specificity) 

Lab  stock 

KL266 

leu  B6.  proC32.  hisF80,  cysC43, 
thyA54,  metE70,  thi-1,  ara-14, 
lacZ36,  xyl-5,  mtl-1,  malA38, 
rpsE2115,  rpsL109 

K.B.  Low  via 
B.J.  Bachmann 

RL001 

minA.  minB,  aroE,  (spcr) 

Constructed  for 
this  worka 

RL002 

minA,  minB 

Constructed  for 
this  work** 

RLQ03 

minA.  minB,  ramC319,  (spcs) 

Constructed  for 
this  workc 

DS410 

minA,  minB,  rpsL 

J.N.  Reeve  (20) 

C600 

supE 

RH2887 

thr",  leu",  lacY,  ramC319, 
supE 

T.  Cabezon  (25) 

AB2834 

aroE,  (spcr) 

J.  Davies 

£ 

Plvir  transduction  of  aroE,  spcr  from  E.  coll  AB2834  to  DS410.  Spcr  transductants 
were  selected  and  screened  for  aroE  and  rpsL+.  This  strain  was  used  to  construct 
RL  003 . 

^  Plvir  transduction  of  rpsL+  from  E.  coli  C600  to  DS410.  Transductants  were 
replica  plated  from  M9  minimal  medium  onto  M9  minimal  medium  plus  streptomycin 
(10  ug/ml)  to  isolate  RL002,  a  streptomycin-sensitive,  minicell -producing  strain. 

C  Plvir  transduction  of  E.  coli  RH2887  into  RL001,  selecting  aroE+  transductants 
on  minimal  agar  plates  lacking  the  aromatic  amino  acids.  AroET^  transductants 
were  subsequently  screened  on  minimal  agar  plates  containing  spectinomycin 
(100  ug/ml) .  AroE*.  spcs  transductants  were  analyzed  for  the  ramC319  allele  by 
their  ability  to  suppress  both  T4  nonsense  mutants  HB7  (UAG  codon)  and  N65 
(UGA  codon)  (23) . 


Table  3.  Increased  Misincorporaclon  of  Cysteine  into  0.3  Protein  in  the 
Presence  of  Gentamicin  or  Streptomycin. 


Molecules  of  cysteine 

Strain  jig  gentamicin  sulf ate/ml a  per  molecule  0.3  protein0 


B 

0 

0.023 

B 

2.5 

0.029 

B 

5.0 

0.035 

B 

10.0 

0.038 

Strain 

Phenotype0 

UK  streptomycin/ml 

Molecules  of  cysteine 
per  molecule  0.3  protein1* 

RL002 

W.T. 

0 

0.025 

RL002 

W.T. 

10 

0.036 

DS410 

strr 

0 

0.026 

DS410 

strr 

10 

0.028 

RL003 

ram 

0 

0.034 

BL003 

ram 

10 

0.041 

•Potency  (ug/ug) 

as  determined 

by  the  manufacturer 

was  61Z. 

b Calculations  were  performed  as  described  in  Table  2. 

cPhanotype  for  protein  synthesis:  W.T.  -  wild  type;  strr  ~  streptomycin- 
resistant;  ram  •  ribosomal  ambiguity  mutant. 
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